Polymerase chain reaction (PCR)-directed amplification and sequencing of rearranged immune genes for identification of clone-specific markers are increasingly being used in acute lymphoblastic leukemia (ALL) and non-Hodgkin's lymphoma INHL) patients instead of the time consuming and labor intensive Southern analysis. In previous reports, no single common VP and JP sequence had been identified that allowed reliable amplification of the majority of rearranged Tcell antigen receptor (TCR)-p V-D-J junctions at the DNA level because of the relatively large number of possible TCR-P variable (VPl and joining [JP) gene segments involved in the rearrangement processes. In the present study we designed highly degenerate PCR primers directed against conserved sequences of the JP genes. In combination with a previously published consensus Vp primer, these Jp primers specifically amplify TCR-/3 V-NID)N-J junctions from genomic DNA. Using this approach we studied DNA extracted from biopsy material of nine patients with T-cell lymphoproliferative disorders, one c-ALL patient, and five patients with HE TWO TYPES of T-cell antigen receptors (TCR) denoted as TCR-a/P and TCR-y/S consist of covalently linked heterodimeric glycoproteins and are made up of either alpha and beta or gamma and delta chains. The TCR chains are encoded by four gene segments designed variable (V), diversity (D), joining (J), and constant (C) region elements that are joined together by a complex rearranging process early during T-cell development to generate a complete functional TCR gene.'"" Rearranged TCR genes identified by Southern blotting or polymerase chain reaction (PCR) have been shown to represent useful diagnostic markers for clonality in acute lymphoblastic leukemias (ALL) and non-Hodgkin's lymphomas (NHL) of T-cell lineage.""" In most studies on gene rearrangements in T-NHL by Southern analysis only TCR-fl and/or TCR-y genes have been TCR-S gene in peripheral T-NHL have been reported demonstrating the TCR-S gene to be deleted in most cases but rearranged only in rare cases.12.1y,2" In contrast, a large number of T-ALL and precursor B-ALL were examined in detail by Southern and PCR analysis for TCR-S and TCR-y re-T 1.12.16,2" Few studies about the configuration of the 0006-4971/95/8610-0034$3.00/0 3930 nonmalignant diseases. T-cell lines Molt 3, Jurkat, and HM 2 served as monoclonal controls. Individual PCR products were sequenced after cloning. The nucleotide sequences of 96 randomly chosen recombinant vectors were determined. In the polyclonal controls all analyzed clones differed in their TCR-p V-N(D)N-J junctions. In the T-cell lines, in all of the T-cell malignancies, and in the c-ALL, monoclonal PCR products could be identified by demonstration of clonally restricted V-N(D)N-J junctions. The PCR results were confirmed by automated fluorescence quantification and size determination of PCR products after separation in a highresolution polyacrylamide gel. The procedure allows rapid and specific characterization of clonal TCR-p rearrangements from genomic DNA and will significantly simplify current experimental approaches t o identify and t o quantitate malignant T cells during initial staging and follow-up of Tlineage NHL and ALL patients. These studies demonstrated a rearrangement of TCR-y andlor TCR-S genes in the far majority of T-ALL and precursor B-ALL. Subsequently several investigators studied the TCR-y and TCR-S junctional diversity by PCR-directed sequencing. The observed extensive junctional diversity especially of the TCR-S junctional regions was applied in clinical follow-up studies as unique clonal markers for detection of clinically occult leukemic cells by use of sensitive PCR approaches.12.1~.21.22.24 These PCR studies were facilitated by the fact that the structure of the TCR-yIb locus is relatively simple and allows PCR amplification of rearranged TCR-y/S genes at the DNA level with a limited set of V and J region primer pairs. However, in contrast to the TCR-yIS locus, the beta chain V (VD) region gene cluster is far more complex. It contains at least 64 functional VD genes, which have been grouped into 25 VD families, two diversity segments (D81 . l and DP2. I), and 13 joining (J8l.l-1.6, 382.1-2.7) elements.'"' Several PCR approaches have been described for the analysis of expressed V8 and JP genes or of the structure of TCR-8 V-D-J regions including anchor PCR, the use of either a panel of family-and subfamily-specific primers for V8 or degenerate primers for conserved V 8 gene segments in combination with a C 8 primer.'4~'7~25-35 Most of these published PCR approaches for the molecular definition of the TCR-&chain repertoire have fundamental shortcomings such as dependence on RNA or impracticability due to the necessity to perform analyses with a panel of multiple primers. However, DNA is considerably more easy to isolate and is more stable than RNA and there is no need for reverse transcription before performing PCR amplification. To bring analysis of rearranged TCR-8 V-D-J joints within the range of a practical diagnostic methodology, we developed a less complex strategy that allows amplification and characterization of rearranged TCR-8 V-D-J joints from genomic DNA in a single PCR. We designed highly degenerate PCR prim-
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PCR conditions. The oligonucleotide primers used in this study are shown in (3 prnoVL) . Incorporation of EcoRI and BamHI restriction sites at the 5' ends of the primers facilitated the insertion of PCR products into the cloning site of the vector pUCI9. For fluorescent PCR fragment analysis primer Vpcon was labeled at its S' end with a chlorinated equivalent to 6-carboxyfluorescein (HEX) and high performance liquid chromatography (HPLC) purified (Applied Biosystems, Weiterstadt, Germany). For TCR-P PCR two rounds of amplification were performed in which first primer set VP Con with a mixture or primers JP I(2) and JP II(2) was used followed by sequential amplification of aliquots [2% v01 of the products of the first PCR with primer set V@ CodJO I(1) and JP II(I)]. Cycle conditions with primers VD CodJP I(2) and JP II(2) were 1 minute at 92°C (denaturing), 40 seconds at 50°C (annealing), and 30 seconds at 72°C (strand elongation) for 40 cycles. The first denaturation and last primer extension step were extended to S minutes. In a second round of 30 cycles with 1 minute at 92"C, 40 seconds at SVC, and 30 seconds at 72°C and primer set VP CodJP I( 1) and JP I I ( 1) PCR products of around 255 bp (range "240 to 290 bp) were generated. Amplification products were analyzed by electrophoresis in an ethidium bromide containing 2.5% agarose gel (Sigma, Deisenhofen, GerCloning and DNA sequencing. Cloning of PCR products was performed as previously described.lb Recombinant plasmids were sequenced by the Taq-cycle-sequencing method involving the universal forward sequencing primers for pUC 19 and the Ready Reaction Dye Deoxy Terminator Cycle Sequencing kit (Applied Biosystems, Weiterstadt, Germany). For each DNA sample 2 to 11 randomly chosen clones were sequenced. Sequencing reaction prodmany).
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RESULTS
Sorrthet-11 blot crrwlysis of TCR-P t -e n t -t -c r l l~~c~~~~~~~~t~. Thirteen DNA samples were studied by Southern analysis for TCR-P rearrangements. The results are shown in Table 1 . Whereas Southern blotting demonstrated monoclonal TCR-P rearrangements in all T lymphoproliferations tested. only germline bands were obtained in the four cases with unspecific lymphadenitis and in the case with toxoplasmosis (polyclonal controls). as expected. In cases 17 and I8 relatively weak rearranged TCR-B bands were observed obviously as a result of a low lymphoma T cell content in these diagnostic samples.
TCR-P PCR. After two rounds of amplification all l8 DNA samples generated a PCR product in the expected size range between 240 and 290 bp for TCR-P V-D-J recombinations as directly visualized after electrophoresis in an ethidium bromide containing agarose gel (Fig I) . Under standard PCR conditions (see Materials and Methods) in the polyclonal controls and the T-NHL samples (cases I to S and 14 to 18. respectively) several bands of unknown origin were seen above and below the dominant specific TCR-P PCR product (data not shown). However, use of GENESCAN fluorescent-primer reaction buffer containing HPLC-purified primers and in addition a much lower primer (3 pmol/L) and MgCL? ( 1 .S mmol/L) concentration markedly improved the specificity of the reaction (Fig l) . Case I I was exceptional as it produced two clearly separated bands of 249 bp and 984 bp in the absence of other background bands. As could be shown by sequencing, both bands represent the two clonally rearranged TCR-P alleles in this particular case (Table 3) .
Seq~~ellc.ill,q c~fclorlc~cl PCR pmrlrccts. As previously seen with amplified TCR-y genes, visual analysis after electrophoresis in agarose gels alone did not allow us to distinguish exactly between monoclonal and polyclonal TCR-P PCR products. For verification of the specificity of the TCR-P PCR and to demonstrate the polyclonality or monoclonality of the PCR fragments. we therefore excised the PCR products that mode up the dominant band of around 255 bp from the gel and cloned them after ligation into the polylinker site of the pUCI9 sequencing vector. In case I I the 284 bp and the 249 bp DNA fragments were cloned separately. The TCR VP-N(DP)N-JP sequences of the cloned inserts were determined by isolation of recombinant clones from 2 to I I randomly chosen separate bacterial colonies for each patient or cell line. The sequencing approach confirmed the specificity of the PCR demonstrating TCR VP-N(DP)N-JP junctions in all cases. The results are shown in Table 3 . By sequencing a total of 96 TCR VP-N(DP)N-JP junctions in I S samples (samples I , 2, and 6 through 18), clonality could be demonstrated exclusively in the T-cell lines. in 5 of S of the ALLs. in 4 of 4 of the lymphomas, and in the case with T lymphocytosis. In one case (no. 17) nine clones were sequenced and three rearrangements appeared twice, and three only once. suggesting that three clonally restricted junctions and at least three background rearrangements were present in this case (Table 3) . However, GENESCAN analysis showed an oligoclonal pattern with at least eight distinct product peaks in this case (Fig 2) . Given the peak heights in the Genescan analysis, it is likely that more than three nonrandom rearrangements exist in the T-cell population, which probably would have been discovered if additional clones had been analyzed. A similar situation exists for case no. 18. in which four clones were sequenced and one was found twice. In all sequenced clones a distinct VD and JP gene segment could be identified. A DP element was found in all except four clones. The junctional regions showed an extensive diversity due to the addition of N-region nucleotides between the VP-DP and DD-JP junctions and seem TCTTTGCGCCAGCAGCrrG   GTACTTCCGTGCCAGCAGT   ACTCTGTGCCAGCAGT   GTACTTCTGTGCCAGCAGT   TGTACTCTGTGCCAGCAG   GTAGTTCTGTGCCAGCAGT   TTTGTATTTCTGTGCCAGC  TCTATCTCTGTGCCAGTAG  TGTATCTCTGTGCCAGCAG  AGACATCTGTGTATCTG  GACATCTGTGTATCTGC  GCTTCTACATCTGCAGTGC  TATCTCTGTGCCAGTAGTA  TATCTCTGTGCCAGTAGTA  TATCTCTGTGCCAGTAGTA  CTATCTCTGTGCCAGTAGT  CTATCTCTGTGCCAGTAGT  CAGCATATATCTCTGCAGC  TATCTCTGTGCCAGTAGTA  TATCTCTGTGCCAGTAGTA  TATCTCTGTGCCAGTAGTA   CAAGCGGGGGGGCAAG GCCAGCAGGGAGGCCTT  GGGGACAGGGGA  TATTCTAGCGGGAGGTATT  TTGTC-CCC  TTCGGCANAGAGTA   AATGAGCAGTTCTCGG  TACGCAGTATTTCGGCC  CACAGATACGCAGTATT  GAGCAGTTCITCGGNCC  AGCACAGATACGCAGTA  AGATACGCAGTATTTCG  ACAGATACGCAGTATTT  TCACCCCTCCACTCGG  CTACAATGAGCAGTTCT  CTACGAGAAGTACTTCG  CCTACGAGCAGTACTTC  GATACGCAGTATITGG  CTAACTATGGCTACACC  AATGAGCAGTTCTCGG  CAGTACTTCGGCGCCGC  CACAGATACGCAGTAT  CAGATACGCAGTATTTC  ATGAGCAGTTCTTCGGC  CAGTACTTCGGCGCCGG  CCTACGAGCAGTACTTC  GGCCCCGGCACCCGGCT  TTTGGCCCCGGAACCCG  CTACGAGCAGTACTTCG  CACAGATACGCAGTATT  ACCGGGGAGCTGlllT  ACAGATACGCAGTATTT  CCTACGAGCAGTACTTC   TCCTATAATCACCCCT   GAGCAGTTCTTCGGCCC   AGCACAGATACGCAGTA  CTCCTACGAGCAGTACT  CCTACAATGAGCAGTTC  CTCCTACAATGAGCAGT   TGGGGCCAACGTCCTGA   CTCCTACAATGAGCAGT   TCCTACGAGCAGTACTT  CCTACGAGCAGTACTTC  CACAGATACGCGTATTT  CTCCTACGAGCAGTACT  AGCACAGATACGCAGTA  CAGTACTTCGGCGCCNG  CAATGAGCAGTTCTCG  AGATACGCAGTATCG  GCACAGATACGCAGTAT the template independent IN) sequences are underlined. The PCR products were generated from genomic DNA under the described PCR conditions with standard Table 1 ideally suited as clone-specific identification sequences.
Comparison of the junctional regions that we obtained for the Jurkat and Molt 3 cell lines revealed complete agreement with published sequences as an independent test for the PCR r e s~l t s . * ,~,~ Gene scanning of Juorescent dye labeled PCR products.
PCR products were size separated on a high resolution polyacrylamide gel and analyzed by automatic fluorescence quantification and size determination using the computer program GENESCAN 672 in the automated DNA sequencer. The sensitivity and specificity of this new approach was assessed using DNA extracts o f a l l 18 DNA samples, most of which had been previously analyzed by Southern blotting and hybridization with a radioactively labeled TCR-P gene probe. The scanning results are shown in Fig 2. Because of the hypervariable character of rearranged TCR-P V-N(D)N-J junctions, the size distribution pattern o f a given PCR product characterizes the corresponding T-cell population. Whereas DNA extracts from polyclonal lymphoid-cells (samples 1 to 5) yielded a "fluorescence spectrum" of DNA bands composed of polyclonal PCR fragments of different sizes, products derived from homogeneous clonal cell populations-the cell lines, the acute leukemias, and the T-NHL cases 13 and 15-produced one or two sharp and dominant peaks of fluorescence corresponding to the PCR-amplified clonally rearranged alleles. Case 9, which showed a biallelic Southern rearrangement pattern, yielded only one sharp and prominent peak in addition to four clearly separated small peaks. In two leukemias (cases 10 and 11) the TCR-/? PCR demonstrated a clear biallelic rearrangement in agreement with the Southern blot data. The T-NHL samples 14, 16, 17 , and 18, however, showed one or two prominent peaks of fluorescence over a background of polyclonal PCR products. As could be demonstrated by sequencing of cloned PCR For personal use only. on October 22, 2017 . by guest www.bloodjournal.org From ANALYSIS OF REARRANGED TCRB GENES 3935 products ( Table 3 ) and by the weak rearranged bands on Southern analysis in cases 17 and 18, this fluorescence pattern is most likely caused by coamplification of monoclonal as well as polyclonal TCR-P V-N(D)N-J junctions of neoplastic and admixed "contaminating" nonmalignant T cells, which can make up a substantial cell fraction in some of the nodal T-cell lymphomas.
To confirm the specificity of the gene scanning results we reamplified plasmid DNA extracted from randomly selected recombinant clones of PCR products from which the DNA sequences shown in Table 3 had been derived. Gene scanning of the fluorescent PCR products of the cloned plasmids clearly demonstrated that their sizes were in complete agreement with the most prominent PCR fragments generated in separate PCR runs with the corresponding diagnostic DNA samples (data not shown).
DISCUSSION
In the present study we characterized the TCR-P V-N(D)N-J junctions from a variety of hematologic malignancies including not only T-ALL but also peripheral T-cell NHL by PCR amplification of genomic DNA and sequencing. We previously described a technique that allows accurate distinction between monoclonal and polyclonal TCR-7 V-N-J junctions by temperature gradient gel electrophoresis (TGGE) of TCR-7 PCR products. However, our attempts to analyze the TCR-P PCR products by TGGE gave unsatisfactory results (not shown). The most likely explanation for this observation is the use of highly degenerate TCR-P PCR primers, which also contained inosine residues. This leads to double stranded TCR-P PCR products that are thermally unstable during TGGE resulting in relatively broad bands or a diffuse smear. In search for a more robust procedure that is not influenced by thermal instability of PCR fragments we analyzed the PCR products after fluorescent labeling by a new method, automated fluorescence quantification and size determination after separation on a high-resolution polyacrylamide gel in an automated DNA ~e q u e n c e r .~~.~~ As we have shown here, complete agreement with respect to clonality and size of the predominant PCR fragments was obtained between this new method and PCR-directed sequencing. However, it should be noted that with both methods unequivocal results were obtained only with the polyclonal control samples and in cases in which leukemidymphoma cells were in high abundance (the cell lines, the leukemias, and the T-NHL cases no. 14 to 16). In cases in which the neoplastic cells were in low abundance or probably truly oligoclonal (cases 17 and l8), the interpretation of the data was much less clear-cut. A similar approach, for which the term "spectratyping" was proposed, has been described for the analysis of circulating T-cell repertoire complexity in normal individuals and bone marrow recipients3' or the Vpspecificity of superantigen a~t i v a t i o n .~~ In this procedure, the TCR-P repertoire complexity is measured based on CDR3 size-heterogeneity within VP families and was used as an indicator for immunocompetence in individuals or of reconstitution of the immune system after bone marrow transp l a n t a t i~n .~~ As we have shown here, the TCR-P spectratype can also be useful as marker for clonality in ALL and T-NHL and for discrimination between monoclonal and polyclonal T-cell populations. A similar technique has been described for detection of immunoglobulin gene rearrangement in one case with Despite the complexity of the TCR-P locus, several techniques using the PCR amplification of TCR-8 regions have been d e~e l o p e d . '~. '~. *~-~~ The published strategies for TCR-P DNA PCR are rather complex and unpractical for routine diagnostics. In addition, most of the previous studies using PCR techniques to investigate the use of TCR repertoires in the clinical setting rely strongly on strategies that target TCR-@ RNA transcripts. The analysis of mRNA reverse transcribed cDNA sequences places certain constraints on the minimal quality of the genetic material necessary to perform PCR analysis. Unfortunately, fresh or snap frozen diagnostic material from ALL or T-NHL patients for extraction of RNA is often not available in clinical practice. However, DNA suitable for PCR is more easy to isolate, even from paraffin embedded material and is more stable than RNA and there is no need for reverse transcription before performing PCR. The described convenient and nonradioactive strategy that targets genomic DNA for analysis of rearranged TCR P-chain genes by PCR in combination with computer assisted size determination and nonradioactive DNA sequencing of clonal TCR-P V-D-J joinings circumvents a number of the problems encountered with RT-PCR. In addition, in dilution experiments it should be possible to get quantitative information on the amount of distinct T-cell clones in diagnostic samples from the intensity of the fluorescence signal if the PCR is carried out with a clone-specific primer.23 This would provide the means for the broad application of analyzing disease-related clonal T cells in DNA samples from patients with T-lymphoproliferative diseases by sensitive PCR-based techniques. In mixing experiments the lower detection limit for the detection of a fluorescent clone-specific PCR product was as low as 1 Jurkat cell diluted in 10' peripheral blood mononuclear cells in a single 35 cycle allele-specific PCR run with a Jurkat-specific DO-N-JP region primer and a Jurkat-specific VP (8.1)-primer (data not shown). The extensive junctional and combinatorial diversity favor the TCR-P gene as a target for detection of MRD especially in T-NHL using PCR-mediated amplification techniques.
This technique has several advantages compared with conventional Southern analysis such as speed, safety, comfort, low cost, and it requires no radionucleotides. Since fluorescent TCR-P-PCR products appearing as a relatively pure monoallelic peak of fluorescence in the absence of significant background side bands can be sequenced by direct cycle sequencing without cloning, the method can also be used as a first step in a sequencing strategy. The procedure will significantly simplify current experimental approaches to detect and to quantitate malignant T cells during initial staging and follow-up of NHL and ALL patients. It is anticipated that this efficient and simple method of detecting monoclonal rearranged TCR-fl genes and clonotypic TCR-P sequences from DNA could have vast application in the study of T-
